The hyp operon encodes accessory proteins that are required for the maturation of the [NiFe] hydrogenase enzymes and, in some organisms, for the production of urease enzymes as well. HypA or a homologous protein is required for nickel insertion into the hydrogenase precursor proteins. In this study, recombinant HypA from Escherichia coli was purified and characterized in vitro. Metal analysis was used to demonstrate that HypA simultaneously binds stoichiometric Zn 2؉ and stoichiometric Ni 2؉ . Competition experiments with a metallochromic indicator reveal that HypA binds zinc with nanomolar affinity. Spectroscopic analysis of cobaltcontaining HypA provides evidence for a tetrathiolate coordination sphere, suggesting that the zinc site has a structural role. In addition, HypA can exist as several oligomeric complexes and the zinc content modulates the quaternary structure of the protein. Fluorescence titration experiments demonstrate that HypA binds nickel with micromolar affinity and that the presence of zinc does not dramatically affect the nickel-binding activity. Finally, complex formation between HypA and HypB, another accessory protein required for nickel insertion, was observed. These experiments suggest that HypA is an architectural component of the hydrogenase metallocenter assembly pathway and that it may also have a direct role in the delivery of nickel to the hydrogenase large subunit.
Hydrogen metabolism is important in a variety of organisms that either consume hydrogen gas as an alternative source of energy or produce it in the dispersion of excess reducing equivalents (10, 22, 42, 48) . A key enzyme in these pathways is hydrogenase, which catalyzes the reversible formation of H 2 from protons and electrons (15, 42) . The mechanisms of action and the structures of hydrogenases have been extensively studied due to their unusual chemistry, as well as the potential for use in biotechnological applications (for examples of recent reviews, see references 10, 15, 22, and 49). The hydrogenases can be divided into three phylogenetically distinct classes on the basis of the active-site composition (48) . Members of one of these classes, the [NiFe] hydrogenases, are widely distributed in Bacteria and Archaea (48) and contain one iron and one nickel in a deeply buried bimetallic active site (49) .
Biosynthesis of the [NiFe] hydrogenase molecular structures in vivo requires multiple accessory proteins that sequentially assemble and insert the active-site components (6, 12, 28, 39, 48) . These proteins have been assigned the hydrogenase pleiotropy (Hyp) designation in many organisms. Although the details of hydrogenase metallocenter assembly are not yet clear, the sequence of events has been mapped out based on genetic and biochemical studies of several systems, including the biosynthesis of Escherichia coli hydrogenase 3. In the first phase, HypCDEF interact with the hydrogenase large subunit to prepare and insert the iron center with its unusual three CO and CN diatomic ligands. HypC then remains associated with the precursor protein to facilitate GTP-dependent nickel insertion by several other accessory factors. The final steps involve nickel-dependent proteolytic processing of a carboxyl-terminal fragment, internalization of the metallocenter, and association with the small subunit to produce active enzyme.
Studies of the [NiFe] hydrogenase maturation pathways in E. coli and Helicobacter pylori demonstrate that nickel insertion is accomplished by the cooperative efforts of several accessory proteins. HypA and HypB are implicated in this step of the production of hydrogenase 3 from E. coli and the H. pylori hydrogenase because lesions in either gene result in an enzymatic deficiency that is partially complemented by the addition of excess nickel to the growth medium (24, 26, 31, 34, 41, 52) . The maturation of the other E. coli isoenzymes, hydrogenases 1 and 2, also requires HypB, but HypA is replaced by the homologous protein HybF (24) . Finally, a recent study demonstrated that the peptidyl-prolyl isomerase SlyD interacts with HypB and is required for the optimal production of all three hydrogenases in E. coli (54) .
It is not clear what roles these accessory proteins play or how they cooperate to insert nickel into the hydrogenase precursor proteins. GTP hydrolysis is catalyzed by HypB (33, 34, 38) , but although HypB proteins from Bradyrhizobium japonicum and Rhizobium leguminosarum are nickel-binding proteins (16, 43) , nickel was not detected in HypB from E. coli or H. pylori (33, 38) . SlyD can bind multiple nickel ions (23) ; however, the ⌬slyD strain of E. coli only has a partially deficient hydrogenase phenotype (54) , suggesting that this protein is not the key nickel delivery factor. Instead, it has been proposed that HypA/HybF might serve as a source of nickel in E. coli and H. pylori at low metal concentrations (7, 38) .
In order to understand more about the cellular functions of these proteins, we purified E. coli HypA and examined the biochemical properties of this protein. While this work was in progress, two studies of HypA homologs ( Fig. 1) were reported. In vitro analysis of H. pylori HypA revealed that it forms a homodimer that cooperatively binds two nickel ions and that the protein can associate with HypB (38) . A Strep tag fusion of HybF from E. coli also binds nickel and/or zinc, but neither dimerization nor association with HypB was detected (7) .
The present study of E. coli HypA demonstrates clearly that the protein has two distinct metal-binding sites, a high-affinity Zn 2ϩ site and a lower-affinity Ni 2ϩ site. Examination of these metal-binding sites reveals that the zinc site has the properties of a structural cofactor and that it influences the quaternary structure of the protein. Nickel binding is independent of zinc, suggesting that the two sites have separate functions in the activity of HypA. Furthermore, in vitro cross-linking studies demonstrate the formation of a heterodimer between HypA and HypB that is not modulated by nickel. These studies provide a complete picture of the metal-binding activities of HypA and lead to a discussion of the possible roles of HypA in hydrogenase metallocenter assembly.
MATERIALS AND METHODS
Materials. Competent E. coli XL2-blue cells were obtained from Stratagene. Restriction endonucleases were from New England BioLabs. The rapid DNA ligation kit was from MBI Fermentas. HiTrapQ HP 5-ml anion-exchange columns and Superdex 75 gel filtration resin were from Amersham Pharmacia Biotech, the Ni(II)-nitrilotriacetic acid (NTA) agarose resin was purchased from QIAGEN, and Chelex 100 resin was purchased from Bio-Rad. Metal salts were a minimum of 99.9% pure and were purchased from Aldrich. Metal-binding studies were performed with atomic absorption standard solutions from Avery, and these were also used as standards for metal analysis. Other reagents were analytical grade from Sigma. Buffers for all metal assays were treated with Chelex 100 to minimize trace metal contamination. All the samples were prepared with Milli-Q water (18.2 M⍀-cm resistance; Millipore). Anti-HypB polyclonal serum (33) was a generous gift from A. Böck, University of Munich, Munich, Germany.
Cloning, expression, and purification. The hypA gene was amplified by PCR from genomic DNA of E. coli DH5␣ by using the primers 5Ј-GGAGGCCATA TGCACGAAATAACCCTCTGC and 5Ј-GTTGTACACTCGAGTCACTCCTG GTCTATTTC (boldface type and underlining indicate restriction sites and the start codon, respectively). The PCR product (351 bp) was digested with NdeI and XhoI, ligated into the pET24b vector (Novagen) cut with the same enzymes, and transformed into DH5␣. DNA sequencing (ACGT, Toronto, Ontario, Canada) was used to verify the fidelity of the isolated DNA. The expression vector was then freshly transformed into E. coli BL21(DE3). Overnight cultures were used to inoculate LB medium supplemented with 50 g/ml kanamycin, and the cultures were grown to an optical density at 600 nm of 0.5 at 37°C. The cells were cooled to 15°C and then induced with 0.2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at an optical density at 600 nm of 0.7 to 0.9. Preliminary experiments demonstrated that the addition of extra Ni 2ϩ or Zn 2ϩ to the medium led to oligomerization and aggregation of the protein, so they were not added to subsequent preparations. The cells were grown for an additional 20 h at 15°C, harvested, and resuspended in lysis buffer [20 mM Tris (pH 7.5), 100 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)]. All purification steps were performed on ice or at 4°C. The cells were sonicated and centrifuged at 17,000 rpm for 45 min, and the supernatant was loaded onto a 5-ml HiTrapQ column preequilibrated with 20 mM Tris (pH 7.5)-100 mM NaCl-1 mM TCEP-10% glycerol. The fractions containing HypA were eluted with a linear NaCl gradient, analyzed by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and pooled. To facilitate more efficient binding to the Ni(II)-NTA resin, 0.1 M NaH 2 PO 4 (SPB) at pH 8.0 and 0.3 M NaCl were added. The semipurified protein extract was gently mixed with Ni(II)-NTA slurry (QIA-GEN) for 1 h. Unbound proteins were washed from the resin with 50 mM SPB (pH 8.0)-1 M NaCl-1 mM TCEP-10% glycerol. HypA was eluted with 50 mM SPB (pH 8.0)-50 mM imidazole-100 mM NaCl-1 mM TCEP-10% glycerol. The final step of HypA purification was performed on a Superdex 75 column equilibrated with 20 mM Tris (pH 7.5)-100 mM NaCl-1 mM TCEP-10% glycerol, and the protein that eluted at a volume corresponding to a dimer was collected for further studies (discussed below). The purified protein was dialyzed overnight against 20 mM HEPES (pH 7.5)-100 mM NaCl-1 mM TCEP-10% glycerol and stored at Ϫ20°C. The identity of the purified protein was confirmed by electrospray ionization mass spectrometry. The molecular mass of the protein was 13,167.8 Ϯ 0.6, which corresponded to the predicted mass (13,168.1 Da) with the initiation methionine still present. The yield of the pure protein from 1.5 liters of culture was typically less than 1 mg. Severalfold higher yields could be achieved if the lysate was loaded onto the Ni(II)-NTA column before the anion-exchange step, but in this case the protein eluted from the gel filtration column at a volume corresponding to a pentamer and the protein was not fully reduced (data not shown).
DTNB assay. The oxidation state of HypA was determined by adding Ellman's reagent, 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB), and monitoring the formation of 5-thio-2-nitrobenzoic acid at 412 nm. The TCEP was removed from the FIG. 1. Alignment of representative HypA protein sequences from E. coli (ECOLI), Azotobacter vinelandii (AZOVI; 36% identical and 52% similar), Bradyrhizobium japonicum (BRAJA, 35% identical and 57% similar), and H. pylori (HELPY; 22% identical and 42% similar). HybF sequences from E. coli (48% identical and 70% similar) and Klebsiella pneumoniae (KLEPN; 42% identical and 65% similar) are also shown. This figure was generated by using ClustalW, and the homology listed is with the E. coli HypA sequence. All of the conserved His and Cys residues are in bold. Experiments with E. coli HybF and H. pylori HypA revealed that H2 is required for nickel binding (7, 38) , and it was proposed that the four conserved cysteines are the zinc ligands in HybF (7). Symbols: *, identity; :, strong similarity; ., weak similarity.
protein samples on a G-25 gel filtration column prior to analysis. A fresh solution of DTNB (12.5 mM) was prepared in 0.1 M potassium phosphate buffer, pH 8.0. Thiol reactivity of HypA was measured by the addition of protein solution to a mixture containing 100 M DTNB, 2 mM EDTA, and 6 M urea. The number of reactive cysteines was calculated from a calibration curve generated by using appropriate concentrations of ␤-mercaptoethanol. When dithiothreitol (DTT) was used in the purification buffers, the level of Cys-SH reduction was lower for both the dimer and the pentamer (data not shown). Therefore, all steps were performed in the presence of 1 mM TCEP unless otherwise indicated. Typically, the dimer was fully reduced whereas the pentamer was approximately 50% oxidized.
Metal analysis. Metal content was determined by using either inductively coupled plasma-atomic emission spectrometry (ICP-AES) or high-performance liquid chromatography (HPLC) analysis. ICP-AES was performed on a PerkinElmer Optima 3000 DV system with a 40-MHz free-running generator with a maximal power of 1,500 W, with a pneumatic nebulizer, and with a segmentedarray charge-coupled device detector. The plasma gas flow rate was 15 liters min Ϫ1 , the auxiliary gas flow rate was 0.5 liter min Ϫ1 , and the nebulizer gas pressure was 0.8 ϫ 10
5 Pa. The HPLC method for metal analysis is based on separation of the transition metals on an ion-exchange column, IonPac CS5A (Dionex), and postcolumn coupling with 4-(pyridyl-2-azo)-resorcinol (PAR) for quantitative determination at 500 nm (1). The metals were released from the protein by acid hydrolysis. This method requires 10 to 50 g protein, and the sensitivity is comparable to ICP-AES.
UV-visible spectroscopy, metal release with PMB, and PAR competition. All electronic absorption spectra were collected on an Agilent 8453 spectrophotometer at room temperature. PAR binds transition metal ions in a 2:1 complex, and the absorption of the PAR-metal complexes at 500 nm can be used for quantitative determination of the metal ions in solution (25) . Titration of 10 M HypA with p-mercuribenzoate (PMB) in the presence of 100 M PAR was performed with or without 6 M guanidine hydrochloride in 20 mM HEPES (pH 7.5)-100 mM NaCl-10% glycerol. The absorbance at 500 nm was recorded 10 min after the addition of each aliquot of PMB. A standard curve was generated with zinc atomic absorption standards under the same conditions. In order to estimate the binding affinity of HypA for zinc, a competition experiment was performed. Apo-HypA was titrated into 100 M PAR and 5 or 10 M Zn 2ϩ in 20 mM HEPES (pH 7.5)-100 mM NaCl-1 mM DTT-10% glycerol. The samples were equilibrated for 15 min at room temperature, and the absorption was monitored at 500 nm. The affinity constant of HypA was obtained from the equation (50) , and ␤ PAR ϭ 6.0 ϫ 10 12 M Ϫ2 (25, 46) . Oligomeric state of HypA. A Superdex 75 column was used to investigate the oligomerization properties of HypA. A standard curve was generated by using bovine serum albumin, egg albumin, trypsinogen, and lysozyme purchased from Sigma. The separation buffer was 20 mM Tris (pH 7.5)-100 mM NaCl-10% glycerol-1 mM TCEP.
Cobalt substitution of HypA. HypA was expressed from the pET24b vector in minimal medium containing 20 mM Na 2 HPO 4 ; 20 mM KH 2 PO 4 ; 20 mM NH 4 Cl; 10 mM NaCl; 1 mM MgSO 4 ; 0.4% (wt/vol) glucose; 10 Ϫ5 % (wt/vol) thiamine; 0.00375 mg/ml Fe 2 SO 4 ; 50 g/ml kanamycin; 100 mg/liter L-Lys, L-Phe, and L-Thr; and 50 mg/liter L-Ile, L-Leu, L-Val, and L-Met. Co 2ϩ , to a final concentration of 10 M, was added to the medium immediately before induction. Purification was performed as described above.
Nickel loading of HypA. To load HypA with Ni 2ϩ , HypA was diluted to 10 M in 20 mM HEPES (pH 7.5)-0.1 NaCl-10% glycerol-1 mM TCEP, and aliquots of 10 mM NiSO 4 were added every 5 min at room temperature with gentle shaking, up to about 40 equivalents. The mixture was then diluted 2.5 times with 20 mM HEPES (pH 7.5)-0.1 NaCl-10% glycerol and concentrated to the initial volume by using Millipore MWCO 5,000 Da ultracentrifugal filter devices. Dilution-concentration was repeated several times to remove all the unbound metal from the protein until the eluate had levels of metal that were lower than the detection limit with PAR.
Preparation of apo-HypA. The purified protein was incubated with 10 molar equivalents of PMB for 15 min on ice. An additional 10 equivalents of PMB was added along with 2 mM EDTA, and the reaction mixture was incubated for 15 min at room temperature. The protein was then incubated with 1 mM DTT for 10 min to reverse the mercury-thiolate bond. The protein was dialyzed at 4°C for 2 days against several changes of 20 mM HEPES (pH 7.5)-0.1 M NaCl-10% glycerol-1 mM TCEP.
Cross-linking and Western analysis with HypB. The HypB purification protocol will be described elsewhere. To investigate the HypA and HypB interaction, cross-linking studies were performed with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (11, 19) , a "zero-length" cross-linker that condenses carboxyl groups and primary amines to produce amide bonds. HypA and HypB were mixed in 50 l of 0.1 M potassium phosphate buffer, pH 6.5, and incubated overnight at 4°C. EDC was added to a final concentration of 5 mM, and the reaction mixture was incubated for 1 h at room temperature. The samples were dried, mixed with SDS-PAGE sample buffer, separated by 15% SDS-PAGE, and stained with Coomassie dye. For Western analysis, the proteins were transferred onto nitrocellulose and probed with the anti-HypB antibody at a 1:1,000 dilution. The secondary antibody, diluted 1:30,000, was a goat antirabbit-horseradish peroxidase conjugate (Bio-Rad). The enhanced-chemiluminescence technique (Pierce Biotech, Rockford, IL) was used for detection.
Circular dichroism (CD) of HypA. CD spectra were monitored on a Jasco J-710 spectropolarimeter by using a cylindrical cell with a 0.1-cm optical path length over a wavelength range of 260 to 205 nm at room temperature. Each CD spectrum was the average of five accumulations at a scanning speed of 50 nm/min, a 1.0-nm spectral bandwidth, a data pitch of 0.1 nm, and a 4-s response time. Apo-HypA (20 M) in 20 mM HEPES (pH 7.5)-100 mM NaCl-1 mM TCEP-10% glycerol was compared to the same sample incubated with 2 equivalents of Zn 2ϩ . The secondary structure was predicted from the primary sequence by using several computer programs available on the ExPASy website (17) including HNN and Jpred (13, 21) . Analysis of the experimental data was performed by using the software CDPro (45) .
Fluorescence analysis of HypA. Fluorescence measurements were performed on a Perkin-Elmer LS50B luminescence spectrophotometer with FL Win Lab software at 345 nm (excitation, 295 nm), 5-nm slits, and a 0.5-s response time. Apo-HypA (10 M) was prepared in 20 mM HEPES (pH 7.5)-100 mM NaCl-1 mM TCEP-10% glycerol. For the nickel titrations, the fractional saturation r was calculated by using the equation r ϭ (F obs Ϫ F max )/(F min Ϫ F max ), the free-nickel concentration was calculated by subtracting the concentration of Ni(II)-HypA from the total nickel concentration, and the data were fitted to the Langmuir equation with a variable Hill coefficient n:
represents the free-metal concentration required for 50% saturation.
RESULTS
HypA expression and purification. Previous attempts to purify HypA were precluded by the insolubility of the expressed protein (7) . Indeed, in the present study induction of E. coli HypA expression at 37°C resulted in a strong band on an SDS-PAGE gel that migrated just below the 14-kDa molecular weight marker (HypA has an expected mass of 13,168 Da), but upon cell lysis the protein was only observed in the insoluble fraction (data not shown). Expression of soluble HypA was achieved only when slow protein production was induced at 15°C. The protein could be purified by a sequence of anionexchange, Ni(II)-NTA, and gel filtration chromatographic steps (Fig. 2) . Although binding to the Ni(II)-NTA resin was the first indication that E. coli HypA is a weak nickel-binding protein, a high degree of purification was not achieved from this step because the protein eluted at the low concentration of 50 mM imidazole. However, if the Ni(II)-NTA resin was omitted, then purification was not possible even with additional ion-exchange columns. The elution volume of the purest fractions of HypA from the gel filtration column corresponded to a molecular mass of 26 to 27 kDa, suggesting that HypA is a dimer (data not shown). HypA also eluted at volumes corresponding to other quaternary states, predominantly pentamer (discussed below). The experiments described in this report were performed with the purified dimer unless otherwise noted, and all concentrations listed refer to the concentration of HypA subunits. HypA characterization. One possible role for HypA in hydrogenase biosynthesis is as a nickel metallochaperone that transfers nickel into the precursor protein. Furthermore, HypA has two pairs of conserved CxxC motifs (Fig. 1) , a sequence that is commonly found in zinc metalloproteins (4, 47) . To investigate the metal content of HypA, metal analysis was performed by using either ICP-AES or an HPLC assay (1). Analysis of freshly purified protein revealed that the dimer contained approximately 0.7 equivalent of zinc per subunit and 0.1 equivalent of nickel (Table 1) , whereas the pentamer contained about 0.3 equivalent of zinc and nickel was not detected. Attempts to prepare protein containing only nickel by expression in minimal medium supplemented with 10 M NiSO 4 resulted in apo-HypA that could not be loaded with zinc and precipitated when incubated with nickel (data not shown). The amount of zinc detected in HypA suggests that there are two zinc ions bound per dimer, but 2 full equivalents were not detected immediately following purification. To rule out a stoichiometry of one zinc ion per dimer, the protein was incubated with several equivalents of zinc, either in the absence or in the presence of excess nickel, followed by washing and metal analysis to reveal approximately one zinc ion per protein monomer (Table 1) .
During optimization of the purification procedures, it became apparent that HypA eluted from the gel filtration column in a range of quaternary states and that the oligomerization of HypA was affected by the presence of Zn 2ϩ or EDTA in the buffer (Fig. 3) , although only monomer was detected by SDS-PAGE (Fig. 2) . When the HypA dimer was treated with EDTA, most of the protein eluted at a volume corresponding to a pentamer, whereas if the pentamer was treated with Zn 2ϩ , a decrease in the quaternary structure was observed.
Theoretical predictions (13, 21) based on the amino acid sequence of HypA suggest that the protein contains proportional amounts of alpha helices and beta strands. The CD profile of the HypA dimer has a broad absorption that corresponds to a mixture of secondary structures (data not shown) (20) , although fitting of the CD data suggests that there is significantly more beta sheet than helices (45) . The spectrum of the apoprotein was similar except for a decrease in ellipticity at the shorter wavelength, indicating a less organized structure (data not shown), and no significant change in the secondary structure was observed upon addition of nickel.
Zinc binding to HypA. A recent study of E. coli HybF, a HypA homolog, revealed that this protein also binds stoichiometric zinc (7). It was suggested that the conserved CxxC sequences were involved in zinc binding, but the zinc site was not characterized. To determine if the zinc coordination sphere of HypA contains cysteine thiolates as predicted, the HypA dimer was titrated with the organomercurial compound PMB to trap the cysteine thiols by mercuration. The displaced zinc was detected with the metallochromic indicator PAR, which binds Zn 2ϩ in a 2:1 complex with strong absorbance at 500 nm (25) , and the amount of metal released was estimated by comparison with a Zn(II) standard curve. Partial zinc release was observed if HypA was incubated with PAR alone, indicating that under these conditions HypA had a similar affinity for zinc as PAR (Fig. 4 and discussed below) . Upon titration of HypA with PMB, the absorbance at 500 nm increased monotonically until 10 molar equivalents had been added (Fig. 4) . The amount of PMB-released metal was equivalent to the total amount determined by ICP and HPLC metal analyses, 0.6 to 0.7 equivalent of zinc and only trace amounts of nickel. This experiment indicates that all 10 cysteines of HypA are available to form a PMB-mercaptide bond and that at least 1 of the cysteines is a zinc ligand. A similar titration curve was obtained in the presence of 6 M guanidine hydrochloride (data not shown), indicating that the denaturant did not disrupt zinc binding to HypA.
A common method for examining the nature of zinc-binding sites is to replace the spectroscopically silent Zn(II) ion with cobalt because the electronic absorption spectra of cobaltsubstituted proteins are indicative of the geometry and type of a All proteins were expressed in LB without added metal, except for the Co(II) HypA, which was induced in minimal medium containing CoSO 4 . The results are the averages and standard deviations from at least three trials, except for the addition of only zinc to apo-HypA, which was performed once.
b ND, not detected. c Purified HypA dimer was incubated with several equivalents of zinc and a large excess of nickel before washing as described in Materials and Methods. metal ligands (5, 35) . Cobalt-containing HypA was prepared by expressing the protein in minimal medium containing 10 M CoSO 4 . Metal analysis of cobalt-substituted HypA revealed, on average, approximately 0.5 equivalent of cobalt per subunit (Table 1) , an amount of metal comparable to that observed in the zinc-substituted protein expressed in LB medium. The difference spectrum of cobalt-substituted HypA was generated by subtracting the spectrum of the zinc-containing HypA from the cobalt-loaded protein, revealing absorption bands with energies and intensities that are indicative of a tetrathiolate coordination sphere (Fig. 5) (5) . The band at 325 nm is characteristic of S Ϫ 3 Co(II) ligand-to-metal charge transfer, and the extinction coefficient of ϳ4,600 M Ϫ1 cm Ϫ1 indicates that there are probably four thiolate ligands, based on an estimate of 900 to 1,300 M Ϫ1 cm Ϫ1 per Co-S bond (30, 37) . The absorption bands from 500 to 800 nm are due to the d-d electronic transitions (5) , and the three peaks with maxima at 634 nm, 672 nm, and 771 nm, with extinction coefficients of Ͼ300 M Ϫ1 cm Ϫ1 , are similar to those observed in other proteins containing a CoS 4 tetrahedral or distorted tetrahedral coordination environment (18, 27, 29, 44, 53) .
To measure the affinity of HypA for zinc, zinc binding was monitored by changes in intrinsic tryptophan fluorescence. E. coli HypA contains two tryptophans, one of which, W72, is beside C73 of the first CXXC motifs (Fig. 1) . Excitation of apo-HypA at 295 nm yielded a maximum fluorescence at 345 nm that increased upon addition of Zn 2ϩ , indicating a zincinduced change in the tryptophan environment (Fig. 6A and  B) . The saturation of the fluorescence upon addition of 1 equivalent of metal indicated that the affinity of HypA for zinc is too strong to measure by direct titration, so a competition assay was performed with PAR ( Fig. 6C) . At pH 7.5, PAR forms 1:1 and 2:1 complexes with Zn 2ϩ with affinity constants of 9.7 ϫ 10 6 and 6.1 ϫ 10 5 M Ϫ1 , respectively (25, 46) , corresponding to a ␤ PAR of 6.0 ϫ 10 12 M Ϫ2 . Titration of apo-HypA into a solution of zinc and an excess of PAR revealed that HypA can compete with PAR and binds stoichiometric zinc with a K D of 0.9 Ϯ 0.7 nM.
Nickel binding to HypA. As mentioned above, in addition to zinc we routinely detected substoichiometric amounts of nickel after purification of the HypA dimer ( Table 1) . Traces of nickel could be due to adventitious nickel contamination from the Ni(II)-NTA column. However, another possibility is that there is a weak nickel-binding site on HypA, in analogy with E. coli HybF and H. pylori HypA, both of which bind nickel with micromolar affinity (7, 38) . To test whether E. coli HypA also binds stoichiometric nickel, up to 40 equivalents of nickel were slowly titrated into HypA, followed by multiple ultrafiltration washes until no metal was detected in the flowthrough. Metal analysis revealed stoichiometric nickel, while the amount of zinc detected (60%) was not affected (data not shown). If the protein was incubated with several equivalents of zinc before the addition of excess nickel, then 1 equivalent of each metal was detected bound to HypA ( Table 1) . The fact that stoichiometric zinc could be detected in the same protein sample as nickel demonstrates that there are two metal-binding sites on HypA and that the large excess of nickel cannot displace the tightly bound zinc.
The affinity of this nickel ion for the HypA dimer was measured by using tryptophan fluorescence. In these experiments, the fluorescence intensity decreased as nickel was titrated into apo-HypA, and saturation was observed only after the addition of about 35 equivalents of nickel (Fig. 7) . Half-maximal saturation was observed at 6 ϫ 10 Ϫ5 M nickel either in the presence or in the absence of 1 equivalent of zinc, demonstrating that filling the zinc site on HypA does not affect nickel binding. The data were best fitted with a small Hill coefficient of 1.2 to 1.3, indicating much less cooperativity than previously observed for the HypA dimer from H. pylori (38) .
Heterodimer formation. Previous genetic studies demonstrated that HypB and either HypA or HybF are required to produce active hydrogenase in the absence of added nickel (24, 26, 31, 41) , suggesting that these proteins cooperate to facilitate the nickel insertion step of hydrogenase metallo- FIG. 4 . PMB titration of HypA. HypA (10 M) in 20 mM HEPES (pH 7.5)-100 mM NaCl-10% glycerol-0.1 mM PAR was titrated with PMB at room temperature. The absorbance was measured 10 min after the addition of each equivalent of PMB. The concentration of metal released was determined by comparing the absorbance at 500 nm to a Zn(II) standard curve.
FIG. 5. Electronic absorption spectrum of Co
2ϩ -substituted HypA. The spectrum was generated by subtracting the spectrum of zinccontaining HypA and corrected for the Co 2ϩ content of this sample as determined by metal analysis (0.6 equivalent). (33, 54) . Upon incubation of HypA and HypB with EDC, a band corresponding to the molecular weight of the heterodimer was observed (Fig. 8A) . The presence of HypB in this complex was confirmed by Western analysis (Fig. 8B ). The addition of excess nickel did not affect the formation of this complex (Fig. 8) . The HypA-HypB heterodimer was also observed by gel filtration chromatography. Injection of purified HypA and HypB together resulted in a new peak that eluted before either of the isolated proteins, and analysis of this peak by SDS-PAGE revealed the presence of both HypA and HypB (data not shown). Finally, no complex was detected in cross-linking experiments between HypA and SlyD, the other protein implicated in the nickel insertion step of hydrogenase metallocenter assembly (54) (data not shown).
DISCUSSION
HypA is an essential factor for the biosynthesis of hydrogenase 3 in E. coli grown under standard anaerobic conditions (26, 31) . That the enzyme deficiency of the hypA mutant could be partially restored by growing the bacteria in the presence of high concentrations of nickel indicated that HypA was one of the components of the nickel insertion complex (24) . In an effort to understand the function of HypA in this complex, we have expressed and purified the protein. The purification of HypA was greatly hindered by poor expression levels, insolubility, and a variable quaternary structure. The predominant oligomers observed on the gel filtration column corresponded to dimers and pentamers. Although the native quaternary structure of HypA is not known, the fact that the dimer was fully reduced suggested that it is more relevant than the oxidized pentamer, so our experiments were performed with the purified dimer.
Metal analysis and competition experiments reveal that E. coli HypA has a tightly bound zinc ion. In addition, spectroscopic analysis of the cobalt-containing protein indicates that the metal has four cysteine ligands arranged in a tetrahedral coordination sphere. This result is not surprising given the two highly conserved CxxC motifs present in HypA and its homologues (Fig. 1) , because this is a common sequence of tetrathiolate zinc sites (4, 47) . Furthermore, the extensive literature on zinc-containing proteins has established that the coordination sphere around the metal ion corresponds to the function of the zinc as a structural, catalytic, or regulatory cofactor (2) . A tetrathiolate zinc is usually a structural prosthetic group and is found in several enzymes, as well as many zinc-stabilized structural domains such as zinc finger, RING, LIM, and GATA (4, 47) . In a recent study of HybF, in vivo analysis of individual mutations of the CxxC cysteines resulted in poor expression levels and little reduction of the activities of hydrogenases 1 and 2 (7). These observations, in combination with our in vitro studies, support a structural role for the zinc metal cofactor in HypA and HybF.
In proteins with a structural zinc cofactor, the metal ion controls the local conformation and produces a defined structure that modulates interactions with other biomolecules, and many mediate the protein-protein interactions required for the formation of multiprotein complexes (8, 14, 32, 36) . In analogy, the zinc-binding domain of HypA could serve as a scaffold for the nickel insertion complex during hydrogenase metallocenter assembly. One explanation for the simultaneous expression of both HypA and HybF in E. coli, as previously suggested (7), is that two distinct proteins are required to guide the nickel insertion complex to the individual hydrogenase precursor proteins. It is feasible that recognition of hydrogenase 3 would require a separate protein because it has a very different sequence from that of the other two hydrogenase isoenzymes expressed in E. coli (48) . Further experiments will determine if there is a direct interaction between HypA or HybF and the respective hydrogenase large subunits. In addition to a high-affinity site for zinc, HypA also separately binds nickel. The two metal-binding sites are at least weakly selective for the appropriate metal because preincubation with multiple equivalents of both nickel and zinc resulted in a single equivalent of each metal bound. Furthermore, the affinity for nickel measured in fluorescence titration experiments was the same for apo-HypA or zinc-containing HypA, indicating that nickel binding is not substantially influenced by the presence of zinc. These experiments suggest that the metal-binding sites of HypA are distinct and may have separate functional roles to play in the activity of HypA. The nickel ligands have not been identified; however, it is likely that H2 participates in nickel binding given that this conserved residue is critical for nickel binding in HybF and H. pylori HypA (7, 38) . The nickelbinding activity is strong enough to permit partial purification on a Ni(II)-IMAC column, and a nickel affinity of 60 M was estimated from the fluorescence titration experiments. Micromolar binding of stoichiometric nickel was detected in E. coli HybF and H. pylori HypA (7, 38) , as well as other proteins involved in the biosynthesis of nickel enzymes including the urease accessory protein UreE (3, 9) , the carbon monoxide dehydrogenase accessory protein CooJ (51) , and HypB homologs from species other than E. coli (16, 40, 43) . It is not yet clear if micromolar nickel binding is an indication of the concentration of free or kinetically labile nickel in the cell, if tighter binding would be observed in the cellular context of the multiprotein nickel insertion complexes, or if this level of affinity is required for the specific function of these proteins.
The observation that HypA forms a complex with HypB supports the hypothesis that these proteins function together to insert nickel into the hydrogenase 3 precursor protein. Cooperation between HypA and HypB was also proposed for the H. pylori hydrogenase maturation pathway (38, 41) . It is interesting that, in addition to hydrogenase biosynthesis, H. pylori HypA and HypB are required for the production of the other nickel-containing protein of this microorganism, the urease enzyme (41) , suggesting that together they serve a more general role in nickel homeostasis. Complex formation between E. coli HybF and HypB was not detected (7), but whether this result is because of an ineffective cross-linker, the presence of the affinity tag used to purify the protein, or different properties of HypA and HybF is yet to be determined.
There are thus several possible nonexclusive functions of a HypA-HypB complex during hydrogenase biosynthesis. The first is that HypA directs the nickel insertion complex to the hydrogenase large subunit through protein-protein interactions and that HypB donates the nickel. This model is supported by the nickel-binding activity of HypB homologs and, as mentioned above, by the fact that HypA and HybF are required for the biosynthesis of separate hydrogenase isoenzymes in E. coli. However, the observation that both HypA and HybF bind nickel supports a second model, in which it is these proteins that insert the nickel and HypB acts as a regulatory switch at one step, such as release of the hydrogenase precursor protein following nickel insertion. It is also possible that the proteins insert nickel in a more cooperative fashion or that nickel binding by HypA is important for a sensing function that detects the properly inserted metal. Further study is clearly needed to determine the biochemical properties and define the function of each component in the nickel insertion complex. It will also be interesting to determine if the proteins have a conserved function in the many other organisms that express the [NiFe] hydrogenase enzymes. 
